To discuss the use of wavefront measurements generated from the NIDEK OPD-Scan II and OPDStation for cataract surgery.
CONCLUSIONS:
The wavefront analysis in cataract surgery was shown to be a fundamental tool in evaluating visual quality after IOL implantation. The OPD-Scan II distinguished between corneal and lenticular aberrations, allowing for evaluation of actual optical and visual performance attributable to the IOL. Our review of case examples also showed that for multifocal IOL implantation, a thorough investigation is necessary to correlate subjective and objective visual quality and for patient selection. [J Refract Surg. 2007 ;23: S996-S1004.] T he human eye is an optical system that projects external images onto a photosensitive surface, the retina, of an approximately spheric eye. The two primary optical components are the cornea and the crystalline lens, producing a focal length of approximately 17 mm and total power of ϩ60.00 diopters (D). The cornea provides between ϩ40.00 and ϩ45.00 D of power, and the crystalline lens provides the remainder. 1 The surface curvature of the cornea and the crystalline lens is aspheric. The term "aspheric" means nonspheric, and these surfaces approximate conics that are rotationally symmetric about an axis and can be described by Baker's equation:
The peripheral shape of these curves depends on the p factor, where p is a parameter defi ning any one of the entire family of conics having the same vertex radius r 0 and determines how prolate or oblate the conic surface will be in comparison with a circle. For a circle p = 1 and for a parabola p = 0, whereas intermediate values of p defi ne ellipses, and negative values of p defi ne a family of hyperbolas. 2 The cornea is formed by two aspheric prolate surfaces, and the crystalline lens is a biconvex, anterior elliptic surface with a posterior parabolic surface. In ophthalmic optics, this view is useful in the study of spheric aberration. The discrepancies between the rays through the paraxial zone of the exit pupil and the rays passing through the peripheral pupil are called spheric aberrations. 3 Positive or undercorrected spheric aberration occurs when the peripheral rays come to a focal point anterior to the paraxial rays, whereas negative or overcorrected spheric aberration occurs when the peripheral rays focus behind the paraxial rays.
Spheric aberration is a monochromatic rotationally symmetric aberration, the magnitude of which is dependent on the pupil diameter. Its value increases with an increase in pupil diameter and depends on asphericity, curvature, and refractive index of the optical system. The young crystalline lens has negative spheric aberration because its index of refraction is lower in the periphery of the lens than in the center, and it tends to counterbalance the positive spheric aberration of the anterior corneal surface. This corneal/lenticular compensation allows optimum image quality and maintains depth of fi eld. The positive spheric aberration of the cornea increases by approximately 5% with age, and the negative spheric aberration of the crystalline lens becomes positive because of changes in the refractive index caused by sclerosis. Therefore, the lens loses the ability to compensate for the aberration of the cornea, resulting in an increase in positive spheric aberration. 4, 5 In cataract surgery, the crystalline lens is replaced with an artifi cial intraocular lens (IOL). The introduction of the IOL implant was pivotal in cataract treatment. In 1949, Sir Harold Ridley implanted the fi rst spheric IOL and since then, the types of IOLs have increased with improvements in IOL materials and techniques to achieve optical quality. 6 Scientists are improving the quality of vision after IOL implantation by reducing the aberrations generated postoperatively and reducing spectacle dependence using wavefront technology. Increasingly, good vision is defi ned as a combination of excellent Snellen visual acuity and contrast sensitivity. 7 Patients with cataracts now expect adequate near and distant vision and excellent visual performance under photopic and mesopic conditions. Thus, if the aberrations of the eye are known, it is possible to correct them using a wavefront correction device, introducing equal and opposite aberrations to produce an optimum retinal image. The analysis of wavefront aberrations after cataract surgery is important in determining the optical performance of the IOL and the resulting visual performance of the eye. The OPD-Scan (NIDEK Co Ltd, Gamagori, Japan) measures the corneal topography and ocular wavefront, enabling the determination of the corneal and internal aberration of the eye. The aberrations caused by the IOL can be determined by removing the corneal effect from the ocular wavefront.
PATIENTS AND METHODS
Twelve eyes that underwent cataract surgery were measured to assess the clinically pertinent maps and their applications in pre-and postoperative assessments. Selected maps generated from measurements using the OPD-Scan II and OPD-Station software (NIDEK Co Ltd) were used. All eyes underwent cataract surgery with implantation of an aspheric IOL, a toric IOL, a spherical IOL, or a multifocal IOL. The OPD-Scan II is a multifunction instrument that combines placidobased corneal topography with wavefront aberrometry of the entire eye.
The OPD-Scan II wavefront measurements are based 
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Aberrometry Measurements in Cataract Surgery/Ligabue & Giordano on retinoscopic principles whereby a slit of infrared light scans all 360° meridians in 1° intervals over a 6-mm pupil. The time required for the refl ected light to stimulate an array of photodetectors is used to determine the wavefront aberrations. In addition, the OPD-Scan II measures autorefraction, keratometry, and photopic and scotopic pupillometry as well as generates four different corneal topography maps, local refractive power of the entire eye due to aberrations at various locations within the pupil, and a variety of wavefront aberration maps. By computing the corneal wavefront aberration and comparing it with the total wavefront map, the internal aberrations of the eye can be determined (Fig 1) . The internal map of the OPD Scan II plots the refractive power distribution of lower and higher order aberration of every optical surface of the eye, except the anterior corneal surface, and by providing the refractive power at each point within the entrance pupil, it allows the clinician to distinguish the effect of internal aberrations (cataract formation) from corneal aberrations and to evaluate the refractive results after IOL implantation or determine whether an IOL is compensating adequately for corneal aberrations (Fig 2) .
The OPD-Station software uses the data generated from the OPD-Scan II to compute the optical quality of the eye, simulation of visual quality using eye charts, and the visual performance of the eye using graphs such as the modulation transfer function (MTF). Simulations and analyses of the entire eye, cornea, and internal aberrations can be performed. For example, postoperatively, the aberrometry evaluation plots the optical quality of the implant, the position of the IOL, the induced astigmatism value, and the quality of vision. In addition, the OPD-Station software generates corneal spheric aberration values to enable the selection of the appropriate aspheric IOL.
The MTF graph aids in understanding the quality of vision and visual performance by indicating the ability of an optical system to reproduce (transfer) various levels of details (spatial frequency) from the object to the image, and its units are the ratios of image contrast over the object contrast as a function of spatial frequency. 10 The human eye is not able to transfer all contrast image details due to aberrations and diffraction. Contrast is determined by using a sinusoidal grating as a stimulus and measuring the response of the visual system. From this measurement, an estimate of the response to a complex stimulus can be determined. The contrast is expressed by a percentage that indicates the difference between the stimulus and the ground (Weber contrast) and between the low and maximum levels of luminance present in the stimulus (Michelson contrast).
Given a series of stimuli and changing their spatial frequency and the contrast, the clinician can record how the optical system is able to transfer each stimulus and join each point, determining the MTF curve.
CASE EXAMPLES MAP EXAMPLES AND DESCRIPTION
The aberrometry evaluation, in these cases, can show the optical quality of the implant, including the IOL's positioning, the biometric calculus, the induced astigmatism value, and the quality of vision.
The problem with traditional spheric IOLs is that image quality degrades in the periphery due to the geometry of the lens (Fig 2) . Spheric IOLs have one or two spheric surfaces; they contribute positive spheric aberration to the already positive spheric aberration of the cornea.
The spheric IOLs increase the total positive ocular spheric aberration after cataract extraction. The positive internal aberrations can be quantifi ed in root-meansquare values using the internal wavefront maps (see Fig 2) . Aspheric IOLs were designed to compensate for the positive spheric aberration of the cornea.
9 Figure  3 shows that the effect of the combination of positive corneal spheric aberration (0.522 µm) and negative spheric aberration (0.858 µm) signifi cantly decreases the total spheric aberration of the eye (0.137 µm).
The clinicians in this practice prefer a user-specifi ed display to evaluate patients pre-and postoperatively (Fig 4) . This display consists of a one-page four-map display plotting the total ocular wavefront, the total internal wavefront, and the internal high order aberrations and the MTF graph (see Fig 4) . These maps are compared pre-and postoperatively to determine changes induced after IOL implantation. Preoperatively, the clinician can assess the induced higher order aberrations and astigmatism due to the cataract progression by acquiring measurements over time. The effect of cataract progression on visual performance can be determined using the MTF. The MTF curve graph plots an average curve that shows visual performance due to all of the lower and high order aberrations. The green curve on the MTF graph represents the curve for a sample of patients with excellent visual acuity and contrast sensitivity. This curve is called the best MTF curve and is provided by the manufacturer of the OPDStation to allow comparisons among patients. The diffraction-limited curve plots the theoretic performance of an ideal optical element, and the high order average curve plots the visual performance if all lower order aberrations have been corrected and only higher order aberrations remain. Generally, the higher the MTF curve (or the greater the area under the curve), the better the visual performance. Under these circumstances, all aberrations of the eye decrease visual performance to 10.5% (A/B) of the best MTF (Fig 5) . Correcting just the sphere and cylinder, the ratio between higher order and the best (H/B) increases to 76.3% (see Fig 5) .
EFFECT OF PUPIL SIZE WITH IOL IN SITU
The effect of decreased pupil size with the IOL in situ can be measured and simulated. For example, a 6-mm pupil causes the peripheral aberrations to change the optical quality of the eye the pupil dilates, yielding a wavefront refraction of ϩ1.00 ϩ0.75 ϫ 61 with an A/B ratio larger than the H/B ratio (Fig 6A) . However, pupil constriction to 4 mm decreased the total wavefront error, causing a decrease in refraction to 0 ϩ0.25 ϫ 109 and increase in the H/B ratio compared with the A/B ratio (Fig 6B) . With a small pupil, if the lower order aberrations were fully corrected, the MTF curve (HOAve, pink curve) would be higher than the curve for a population sample with optimum MTF (BMTF, green curve) (see Fig 6B) .
EFFECT OF MULTIFOCAL IOL ON VISUAL PERFORMANCE
Multifocal implants provide functional visual acuity at both near and far distance yet represent a compromise in visual quality. The question remains about whether the MTF reduces visual quality to preoperative levels due to the diffractive optics or to apodization of the IOLs. The MTF graph evaluates the quality of vision after multifocal IOL implantation. Figure 7 plots the MTF curve of a patient who underwent multifocal IOL implantation. Postoperatively, the multifocal implant seems to provide better visual quality as shown by the increase in both the average and higher order curves.
In this case, both the A/B and H/B ratios have increased more than 15% postoperatively compared with the preoperative values (see Fig 7) .
The image quality of the optical system can also be described by the point spread function (PSF). In a theoretically perfect optical system, the image of a point source must be a point; however, this not possible in an (HOave) ; the curve of the higher and lower order aberrations combined (Ave); and a curve representing the performance of a population of patients with excellent visual quality and acuity (BMTF). The area ratios on the graph represent the relation between the curves; A/B is the ratio between the average curve and the best MTF curve; A/D indicates the relation of the average curve and the diffraction limit; H/B indicates the ratio between the high order aberrations and the best MTF curve; H/D indicates the ratio between the high order aberrations curve and the diffraction limit.
eye. 12 The PSF simulation can be used to determine whether visual symptoms occur due to the optics of the eye after a multifocal IOL implant. Figure 8 presents the pre-and postoperative PSF of a patient who underwent multifocal IOL implantation. Postoperatively, the PSF has decreased in area and distortion, indicating better optical quality than preoperatively (Fig 8) and that the optical quality has increased compared with preoperative levels. The patient was satisfi ed with the visual quality postoperatively, noting the absence of scotopic symptoms.
ACCOMMODATION AND ITS EFFECT ON OPTICAL AND VISUAL QUALITY
The young eye is capable of changing its refractive power by alterations in the curvature of the crystalline lens, increasing its power. The fi bers of the young crystalline lens form an elastic substance surrounded by an elastic capsule that is thickest at the equator, causing a more convex shape when zonular tension occurs due to contraction of the ciliary body. 13 At approximately 30 years of age, the cortex becomes substantially thicker and is less easily deformed than the nucleus. During accommodation, the softer nucleus forces the central zone of the lens to protrude more than the periphery, producing an aspheric front surface with peripheral fl attening increasing negative longitudinal spherical aberration. However, the nucleus and the cortex become rigid, and the asphericity of the lens and the amplitude of accommodation continue to decline with age. 14 The effect of near and far fi xation with an apodized multifocal IOL in vivo is shown in Figure 9 . The MTF with fi xation on a far target shows at least 10% improved performance than with the patient fi xation at near, indicating that apodization provides better visual quality with far fi xation than near (see Fig 9) despite similar pupil size. A change in spheric aberration due to accommodation in a young (30-year-old) patient is shown in Figure 10 . Small changes would be observed in a patient with little or no accommodative reserve.
IOL POSITION POSTOPERATIVELY
In cataract surgery, postoperative implant position is critical, 15 especially for toric IOLs, for which incorrect positioning results in induced cylinder post- The MTF index in cataract surgery evaluating the 4-to 6-mm pupil diameter and the higher order (H) over the best (B) ratio (H/B). There is a visual quality loss, and the eye image displays the capsulorrhexis edge (red arrow). ZA = Zernicke axis, VD = vertex distance operatively. Figure 11 shows preoperative wavefront maps of a patient with 1.75 D of astigmatism. The oval contours on the preoperative map indicate high astigmatism (see Fig 11) . The patient underwent cataract surgery with implantation of an Acrysof toric IOL (Alcon Laboratories Inc, Ft Worth, Tex) to correct low myopia and moderate cylinder. Postoperatively, the wavefront maps show no cylinder with a largely emmetropic wavefront (see Fig 11) . The lack of oval contours postoperatively indicates the correct placement of the IOL to counteract the corneal astigmatism (see Fig 11) .
DISCUSSION
Aberrometry is a useful clinical tool for pre-and postoperative evaluation of cataract surgery candidates to determine the optical quality and visual performance of the eye. The capability of the OPD-Scan II to separate the anterior corneal surface from internal, mostly show coma aberration, the magnitude of which is relative to the displacement of the IOL. Similarly, tilt of the IOL may also show coma aberration postoperatively. As the range of aspheric IOLs with varying magnitudes of spheric aberration increases, the OPD-Station software will allow for the selection of the correct IOL based on the corneal spheric aberration. With diffractive IOLs, far and near fi xation measurements allow the clinician to understand the effect of the two foci on contrast sensitivity and patient satisfaction. The MTF and PSF allow for objective evaluation of contrast sensitivity and visual quality after cataract surgery.
